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UV-induced Cell Damage is Species-specific among Aquatic 
Phagotrophic Protists 
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ABSTRACT The sensitivity to ultraviolet radiation (UVR, 280-400 nm) of ten species of freshwater and marine phagotrophic protists 
was assessed in short-term (4 h) laboratory experiments. Changes in the motility and morphology of the cells, as well as direct 
quantification of DNA damage, were evaluated. The net amount of cyclobutane pyrimidine dimers formed after exposure of the organ- 
isms to a weighted dose (Setlow DNA normalized at 300 nm) of 1.7 kJ m-z was quantified by an immunoassay using a monoclonal 
specific antibody directed against thymine dimers (T<>Ts). This is the first application of this method to aquatic protists. The results 
indicated that marine and freshwater heterotrophic nanoflagellates, representatives from the order Kinetoplastida (Bodo caudatus and 
Bodo saltans, respectively) accumulate significantly higher DNA damage than protists representatives of the orders Chrysomonadida, 
Cryptomonadida or Scuticociliatida. The high proportion of A:T bases in the unique kinetoplast DNA, may explain the higher accu- 
mulation of T<>Ts found in bodonids. Experiments made with B. saltans to study the dynamics of DNA damage accumulation in the 
presence of UVR and photorepairing light, indicated that the mechanisms of DNA repair in this species are very inefficient. Furthermore, 
the dramatic changes observed in the cell morphology of B. saltans probably compromise its recovery. Our results show that sensitivity 
to UVR among aquatic phagotrophic protists is species-specific and that different cell targets are affected differently among species. 
While DNA damage in B. saltans was accompanied by motility reduction, altered morphology, and finally mortality, this was not 
observed in other bodonids as well as in the other species tested. 
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F RESHWATER and marine phagotrophic protists, including 
heterotrophic nanoflagellates (HNF) and ciliates, are im- 

portant trophic links within the pelagic food web (Beaver and 
Crisman 1989; Caron 1991; Porter et al. 1979; Sherr and Sherr 
1994). In most aquatic ecosystems, they are the dominant con- 
sumers of autotrophic and heterotrophic picoplankton (Caron 
1991; Sherr and Sherr 1987). Moreover, aquatic protists through 
their grazing activity play a crucial role in regulating the abun- 
dance, production, cell-size distribution, and taxonomic com- 
position of bacterial assemblages, as well as in nutrient remin- 
eralization (Barbeau et al. 1996; Caron 1991_; Gonzalez et al. 
1990; Jtirgens et al. 1999; Porter et al. 1979; Simek et al. 1999; 
Sommaruga and Psenner 1995). 

Heterotrophic nanoflagellates and ciliates are ubiquitous in 
aquatic systems (Finlay et al. 1999; Lee and Patterson 1998; 
Patterson and Larsen 1991). However, detailed information 
about species composition for different ecosystems is only par- 
tially available (Caron 1997; Foissner and Berger 1996; Lay- 
bourn-Parry 1984; Lynn et al. 1991; Pace 1982). Abiotic factors 
such as temperature, oxygen concentration, suspended solids, 
salinity, and pH are known to affect the abundance, spatial and 
temporal distribution, and species composition of free-living 
protist assemblages (Foissner and Berger 1996; Laybourn-Parry 
1984; Laybourn-Parry 1994). Sommaruga et al. (1996) sug- 
gested that UV radiation (280-400 nm, UVR) might be another 
environmental factor influencing the temporal and spatial dis- 
tribution of aquatic protists. However, information about the 
effects of UVR on different species or natural assemblages of 
aquatic phagotrophic protists is scarce (Chatila et al. 1999; 
Ochs 1997; Ochs and Eddy 1998; Sommaruga et al. 1996; Som- 
maruga et al. 1999; Wickam and Carsten 1998). 

Ultraviolet radiation exerts negative effects on several cell 
targets like DNA, proteins, pigments, and lipids. Damage to 

” DNA and other cell targets may be caused by direct absorption 
of UV-B radiation (280-320 nm, UVBR) or indirectly through 
the generation of reactive oxygen species induced mainly by 
UV-A radiation (320-400 nm, UVAR; Vincent and Roy 1993). 

* However, the mechanism by which UVR affects an organism 
will finally depend on the absorption characteristic of the intra- 
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cellular chromophores, which is directly linked to their chem- 
ical structure (Cockell 1998). 

Information on UVBR-induced DNA damage is available for 
several aquatic species including bacteria (Joux et al. 1999), 
phytoplankton (Buma et al. 1997; Karentz et al. 1991), and 
zooplankton (Malloy et al. 1997). To our knowledge, however, 
it has never been estimated directly in aquatic protists. In this 
study, we addressed the question whether species of aquatic 
phagotrophic protists exhibit different sensitivity to UVR. Sen- 
sitivity was assessed by following the changes in cell mor- 
phology and motility, and direct quantification of the DNA 
damage in short-term experiments with artificial UVR. For the 
last objective, we estimated the concentration of cyclobutane 
thymine dimers (T<>Ts) in several protists species using for 
the first time a method developed in human skin cells. The 
sensitivity to UVR among protists was species-specific, and the 
species of kinetoplastid flagellates tested accumulated the high- 
est DNA damage. 

MATERIALS AND METHODS 

Protists. The following marine (mar) and freshwater (fw) 
species were tested for their sensitivity to UVR: the heterotro- 
phic flagellates Puruphysomonas vest&u (mar, Chrysomonadi- 
da), Puruphysomonus impegorutu (mar, Chrysomonadida), 
Cafeteria sp. (mar, Chrysomonadida), Pseudobodo tremulans 
(mar, Chrysomonadida), Bodo designis (mar, Kinetoplastida), 
Bodo cuudutus (mar, Kinetoplastida), Bodo sultans (fw, Kineto- 
plastida), Spurnella sp. (fw, Chrysomonadida), Goniomonus sp. 
(fw, Cryptomonadida), and the ciliate Cyclidium sp. (fw, Scu- 
ticociliatida). All species were tested for changes in motility 
and morphology. However, measurements of DNA damage 
were done only for the last five species. The different cultures 
were kindly supplied by Drs. K. Simek (Hydrobiological Insti- 
tute, Czech Republic), D. Caron (Woods Hole Oceanographic 
Institute, USA), and T Fenchel (Marine Biological Laboratory, 
Denmark). 

Maintenance of cultures. The cultivation medium was a 
barley grain infusion consisting of two grains autoclaved in 100 
ml of tap water (Chloride: 0.2 mg liter’, conductivity at 25 “C: 
220 pS cm-‘) for the freshwater species or artificial seawater 
(HW, Germany) in the case of the marine species, to which the 
protist cultures plus the indigenous bacteria were transferred. 
The cultures were grown in a walk-in chamber at 15 -C 1 “C 
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Fig. 1. Spectral irradiance emitted by four Q-Panel A-340 lamps 
plus two True Lite lamps T12 (continuous line), and transmittance of 
the medium (dashed line) adjusted to the depth of the medium (2.8 cm). 
Measurements of irradiance were made at 25-cm distance. 

with a 1ight:dark regime of lo:14 h (True Lite T12, 40 W, True 
Sun, Fairfield, NJ, USA). These lamps emit UV radiation, but 
mainly in the UVA range. The cultures were maintained for 
several months under this light regime, before they were used 
in the experiments. The pH of the medium was 7.5 for the 
freshwater species and 8.0 for the marine ones. For the exper- 
iments, the medium was filtered through a 0.2-‘km pore-size 
filter (polycarbonate, Poretics: Osmonics, Westborough, MA, 
USA) to remove suspended particles before the inoculation. 

Artificial UVR sources. Artificial UV irradiation was pro- 
vided by a set of 4 tubes of UV-A-340 (Q-Panel Co., Cleveland, 
OH, USA). These lamps have a maximum emission between 
340-345 nm and produce no radiation below 285 nm (Fig. 1). 
The integration of irradiance values between 280 and 320 nm 
was 1.69 W m-* (101.4 J m-* mm’). The integral over the 
same wavelength range for two solar noon spectra measured in 
June and October at Innsbruck (577 m above sea level, 47” 16’ 
N) were 2.74 and 0.94 W m-*, respectively (see Sommaruga et 
al. 1996, Fig. 1). In all experiments, background light for the 
photorepair process was additionally supplied by two fluores- 
cent tubes (True Lite T12, 40 W, True Sun). The integration of 
the irradiance between 350-450 nm (i.e. the wavelength range 
effective for the photoreactivation process, Sancar 1994) was 
13.9 W m-2. The UV lamps were preburned for 100 h before 
the spectrum was measured and the experiments were con- 
ducted within the next 50 h. Before the experiment, the lamps 
were switched on for two hours to reach a constant emission 
spectrum. 

UV measurements. The spectrum of the lamps as well as 
the solar spectra were measured at high resolution (0.5 nm) with 
a Bentham DM150 double monochromator spectroradiometer 
by Dr. Mario Blumthaler (Faculty of Medicine, Institute of 
Medicine Physics, Innsbruck, Austria). 

Experimental design. Experiments were done in the same 
walk-in chamber where the cultures were grown. Because of 
the-heat produced by the set of lamps, a water bath was used 
to keep the temperature inside the containers at 16 2 1 “C. 
Sterile glass dishes without lids (90-mm diam. and 50-mm 
height, Schott, Germany) were used to expose the organisms. 
The distance from the lamps to the liquid surface was 25 cm. 
At the beginning of the stationary phase, the organisms were 
exposed (two replicates for each culture) to the full spectrum 
of the lamps for a maximum of 4 h corresponding to an esti- 
mated biological effective dose [Setlow (1974) DNA action 

spectrum normalized to 300 nm] of 1,690 J m-2. At regular 
intervals, the liquid in the dishes was gently stirred with a glass 
stick in order to avoid different exposure inside the container 
(depth of the liquid: 2.8 cm). The cultures were diluted with 
sterile tap water or artificial marine water in order to assure a 
transmittance of 60% at 290 nm at the bottom of the liquid 
(Fig. 1). After making the dilution, 2-5 ml subsamples were 
preserved with formaldehyde (2% final concentration) to check 
the abundance of protists (see below). 

Morphology and motility assessment. To test the effect of 
UVR on the morphology and motility of the protists, portions 
(200 uJ) were collected at 30-min intervals and placed in a 
double-concavity microscope slide. At each sampling interval, 
the number of cells showing normal movement (motility) and 
the morphology of the organisms were recorded (Sommaruga 
et al. 1996). Organisms kept in the darkness were used as a 
control. The protists were observed with a Zeiss Axiovert 135 
inverted microscope and their movement registered with a Sony 
CCD/RGB camera connected to a video system. At least 50 
cells were observed at each sampling interval in each treatment. 

DNA damage experiment. After the 4-h UV exposure, the 
whole volume of each container (200 ml) was filtered using 
low pressure (0.2 atm) through a Whatman GF/C filter (47 mm 
diam.) in the case of the heterotrophic flagellates or through a 
3-pm-pore-size filter (Poretics, 47-mm diam.) for ciliates. The 
efficiency of the filters to retain the protists was previously 
checked by filtering 30 ml of the filtrate onto a 0.2~p,m-pore- 
size black Poretics filter and inspecting the filter in an epiflu- 
orescence microscope (see below). The filtration step was done 
in the darkness and care was taken to avoid direct light expo- 
sure of the filters during manipulation. To determine the back- 
ground level of DNA damage in each species, the cultures were 
kept in the darkness for 4 h and afterwards they were filtered 
as above. The samples were immediately preserved in liquid 
nitrogen. DNA damage was quantified within three weeks. 

Because the Whatman GF/C filters will retain a certain num- 
ber of bacteria, we tested the importance of their contribution 
to the estimation of DNA damage. For this purpose, bacteria 
from the different cultures were grown under the same condi- 
tions as described above but in the absence of predators. The 
bacteria were exposed under the lamps or kept in the dark for 
the same period as above. 

Quantification of cyclobutane thymine dimers (T<>Ts). 
The type of DNA damage observed depends on the wave- 
lengths and the dose received. While UVAR induces the for- 
mation of DNA strand breaks, DNA protein crosslinks, and 
alkali-labile sites, UVBR is very efficient in causing dimeriza- 
tion between adjacent pyrimidine bases (Mitchell and Karentz 
1993). Two photoproducts are known to be induced by UVBR, 
the cyclobutyl pyrimidine dimers (CPDs, mainly TT or CT di- 
mers) and the pyrimidine (6-4) pyrimidone (Mitchell and Kar- 
entz 1993). However, the quantum yield (photoproducts formed 
per photon absorbed) at 254 nm is - 17 times higher for the 
CPDs than for (6-4) products (GSmer 1994). Consequently, 
CPDs make up - 70-90% of the total UVBR-induced damage 
photoproducts (Mitchell and Naim 1989). 

The protocol used to determine the concentration of T<>Ts 
in DNA from phagotrophic protists is a modification of the 
method described by Vink et al. (1994). DNA was extracted 
using a modified method from Doyle and Doyle (1987). Filters 
were incubated at 60 “C for 30 min with 750 pl preheated 
CTAB isolation buffer [2% (w/v) CTAB (Sigma Chem. Co., St. 
Louis, MO), 1.4 M NaCl, 0.2% (v/v) B-mercaptoethanol, 20 
mM EDTA, 100 mM Tiis-HCl, pH 8.01. Then, 750 yl CIA 
[chloroform/isoamylalcohol (24:1)] was added to extract the 
DNA from cell debris and proteins. After centrifugation (20,000 
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g, 10 mm), 0.5 ml (2/3 of total vol.) of cold isopropanol was 
added to the upper (water) phase to precipitate the DNA (1 h, 
4 “C). After centrifugation (20,000 g, 30 min, at 4 “C), the 
supernatant was removed and the pellet was washed with 1 ml 
of 80% ice-cold ethanol (15 min, -20 “C, followed by centri- 
fugation, 30 min, 4 “C). Finally, the DNA pellet was dried under 
vacuum and resuspended in TE buffer (1mM Tris-HCl pH 8.0, 
0.1 mM EDTA). To remove RNA, the DNA was incubated for 
1 h at room temperature with 75 ug ml-l RNAse (Boehringer, 
Mannheim, Germany). 

The concentration of DNA was determined fluorometrically 
using Picogreen dsDNA quantitation reagent (dilution 1:400, 
Molecular Probes, Leiden, The Netherlands) on a 1420 Victor 
multilabel counter (excitation 485 nm, emission 535 nm, 
EG&G Wallac, Dassel, Germany). The concentration of cyclo- 
butane pyrimidine dimers (CPDs) in DNA was determined us- 
ing an immunodotblot procedure (Boelen et al. 1999) with mi- 
nor modifications. Briefly, heat-denaturated DNA samples (100 
ng) were blotted in duplicate onto a nitrocellulose membrane 
(Schleicher & Schuell, Dassel, Germany, 0.1 pm). To detect 
CPDs, the membrane was incubated with the primary antibody 
H3 (Roza et al. 1988). This was followed by incubation with 
the secondary antibody (rabbit anti-mouse) coupled to horse- 
radish peroxidase. Chemiluminiscent detection was done using 
ECL detection reagents (Amersham, Freiburg, Germany, 
RPN2106) in combination with a photographic film. The films 
were developed, scanned (UMAX PS-2400X scanner), and an- 
alyzed with Image Quant (version 4.2) software from Molecular 
Dynamics (Amersham Pharmacia Biotech AB, Uppsala, Swe- 
den). The H3 antibody is raised against cyclobutane thymine 
dimers, but also has a high affinity for 5’TC dimers (Fekete et 
al. 1998). Since H3 does not bind to all possible CPDs (includ- 
ing CC and CT) we have chosen to refer to T<>Ts instead of 
CPDs in the following sections. 

To allow quantification of the amount of damage in the sam- 
ple DNA, the samples were compared with a dilution series of 
standard DNA, which was blotted on the same film. The 
amount of CPDs in the standard DNA was determined before 
by calibrating it against DNA isolated from irradiated Hela cells 
(kindly provided by Dr. Len Roza). The amount of CPDs in 
this DNA was determined by Roza et al. (1988) by means of 
HPLC. The detection limit of the CPD assay is < 0.5 CPD/106 
nucleotides. 

Boelen et al. (1999) showed that there is a strong positive 
linear relationship between the UV dose applied to the DNA 
and the gray value measured in the same photographic film used 
in the present study (their Fig. 2). The results were expressed 
as the concentration of T<>Ts per lo6 nucleotides (mean of 
two measurements). 

Net DNA damage accumulation in B. sultans. To study the 
dynamics of the net accumulation of T<>Ts in this species, a 
time series experiment was included. The experiment was done 
as described above but samples were filtered at time 0, 1 h, 2 
h, and 4 h. The background level of DNA damage in this ex- 
periment was determined as described above after 4 h. The 
transmittance of the medium used in this experiment was 76% 
at 290 nm. 

Enumeration of protists. The growth of the different spe- 
cies in the barley grain infusion was monitored by making di- 
rect counts under an epifluorescent microscope. Subsamples of 
2-5 ml were fixed with formaldehyde (2% final concentration), 
filtered onto l-pm pore-size black Poretics filters, and stained 
with 4’,6-diamidino-2-phenylindole (DAPI) according to the 
method of Porter and Feig (1980). DAPI-stained protists were 
counted at 1,250 X magnification in a Zeiss epifluorescence mi- 

Fig. 2. Net accumulation of cyclobutane thymine dimers (T<>T) 
in five species of aquatic protists after 4-h exposure to artificial UV 
radiation equivalent to a biologically effective dose of 1,690 J m-* 
(Setlow DNA action spectrum normalized at 300 nm). Mean of two 
replicates t one standard deviation. When error bars are not shown, 
the standard deviation was too small to be illustrated. 

croscope with a BP 365 excitation filter, FT 395 chromatic 
beam splitter, and LP 397 barrier filter. 

Statistical analysis. Differences in DNA damage among 
species were tested using Kruskal-Wallis one-way ANOVA on 
ranks followed by post-hoc comparisons with Student-New- 
man-Keuls (SNK) test (Zar 1984). Differences in the median 
number of motile cells between the UV-exposed protozoa and 
those kept in the dark were tested with a Mann-Whitney U test. 

RESULTS 
Effects on the morphology and motility of protists. The 

only species that presented both an altered morphology and 
motility after UV exposure was B. sultans. All the other species 
showed no sign of UV effect on the morphology or there was 
no significant difference (P > 0.05, Mann Whitney U test) in 
the median number of motile cells when compared with the 
dark control. The only exception was Goniomonas sp., which 
after 4-h exposure, presented a slight reduction in motility (i.e. 
25% of the organisms did not move, data not shown). 

Controls and background levels of DNA damage. The fil- 
ters used to collect the HNF and the ciliate species retained the 
organisms with 100% efficiency. Background levels of DNA 
damage in the cultures (i.e. organisms kept always in the dark) 
ranged from undetectable values to a maximum of 2.0 T<>Ts 
per 106 nucleotides (Goniomonas sp.). In this case, the back- 
ground value was subtracted from the value of DNA damage 
obtained after UV exposure. The controls performed to check 
for the possibility of error in the measurements of DNA damage 
introduced by bacteria retained on the filter indicated a negli- 
gible contribution (< 0.7 T<>Ts per lo6 nucleotides). Never- 
theless, these values were also subtracted from the total DNA 
damage concentration. 

DNA damage in protists. The highest net accumulation of 
T<>Ts after 4-h exposure was found in the two kinetoplastid 
flagellates, the freshwater B. sultans and the marine B. caudatus 
(18.1 and 18.3 T<>Ts per lo6 nucleotides, respectively). In 
decreasing order of sensitivity, the flagellates Goniomonas sp. 
and Spurnella sp. accumulated over the same period of expo- 
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Fig. 3. Dynamics of DNA damage accumulation versus biologically 
effective dose in the kinetoplastid heterotrophic nanoflagellate Bode ml- 
fans. 

sure, 52% and 91% lower DNA damage, respectively, than the 
kinetoplastid flagellates (Fig. 2). T<>Ts were not detected in 
the ciliate Cyclidium sp. The net accumulation of T<>Ts was 
highly significantly different (ANOVA on ranks, P < 0.001) 
among the species. Post-hoc comparisons showed no significant 
differences (P > 0.05) between the two kinetoplastid species, 
but there were significant differences among all possible com- 
binations of the rest. 

Net DNA damage accumulation in B. saltans. The results 
from this experiment showed that net accumulation of T<>Ts 
in the DNA of this species increased as a power function of 
the biological effective dose received (Fig. 3). Only during the 
first hour of exposure, the relationship between these variables 
was linear. The higher UVR transmittance of the medium used 
in this experiment (e.g. 76% at 290 nm) resulted in 2.5 times 
more DNA damage accumulated after 4 h than in previous ex- 
periments with the same species (see Fig. 2). 

DISCUSSION 
UV effect on the morphology and motility of protists. 

Changes in swimmin g speed, motility, and morphology are im- 
portant for the ability of phagotrophic protists to localize and 
ingest their prey. A previous study of the effect of UVR on the 
kinetoplastid HNF B. sultans (Sommaruga et al. 1996) showed 
that UVBR reduces first its swimming speed, then the number 
of motile cells, and finally causes a dramatic change in cell 
morphology (i.e. the typical elongated shape changed to a 
spherical form). Furthermore, this change in morphology is also 
observed, although to a lower extent, when the organisms are 
exposed to solar UVAR plus photosynthetically active radia- 
tion. These spherical cells are not able to feed upon bacteria 
and do not recover even after an extended period under pho- 
torepairing light (Sommaruga et al. 1996). Our results confirm 
the sensitivity of this species. However, they also demonstrated 
that it is not widespread among other members of the same 
family: the motility and morphology of the marine HNFs B. 
designis and B. caudatus were not affected by UVR. At present, 
there is no clear explanation for the different sensitivity found 
among these marine and freshwater species of bodonids. The 
other species of HNF tested and the ciliate Cyclidium sp. did 
not show negative effects regarding these parameters. The only 
exception was the HNF Goniomonas sp., which presented a 

noticeable reduction in the number of motile cells, but only 
after 4-h exposure to UVR. Our results confirm previous studies 
on the marine HNF P. impe$orata that reported no significant 
effects of UVR on its motility (Ochs 1997). 

DNA damage in aquatic protists. The method adapted in 
the present study to quantify DNA damage in protists proved 
to be robust and sensitive as indicated by the low variability 
between replicates and the low concentration of T<>Ts de- 
tected. The levels of DNA damage found in our study (Fig. 2) 
are within the range of those values measured with the same 
antibody approach in naked DNA exposed at different depths 
in the sea (Boelen et al. 1999) indicating that the biological 
effective dose applied in our experiments was realistic. 

Because the organisms were exposed concomitantly to UVR 
and photoreactivating wavelengths, the accumulation of T<>Ts 
is the net result of the balance between DNA damage and pho- 
torepair, including other mechanisms of recovery like nucleo- 
tide excision-repair (dark repair). The results from the DNA 
damage experiments clearly indicated the existence of signifi- 
cant differences in UVR sensitivity among the species tested 
(Fig. 2). Species-specific differences in DNA damage and repair 
have been described for other groups of planktonic organisms 
like bacteria (Joux et al. 1999), diatoms (Karentz et al. 1991), 
and zooplankton (Malloy et al. 1997; Zagarese et al. 1997). The 
two species of kinetoplastid heterotrophic flagellates tested, B. 
sultans and B. caudutus accumulated a significantly higher con- 
centration of T<>Ts than the other species when exposed at 
the same UVBR dose and in a medium with the same UV 
transmittance. The method used by us to quantify DNA damage 
cannot identify the contribution of the nuclear DNA and kinet- 
oplast DNA (only present in species of the order Kinetoplatida) 
to the total concentration of T<>Ts. However, one possible 
explanation for the higher accumulation of T<>Ts in bodonids 
is that kinetoplast DNA is A-T rich (Vickerman 1991). A high 
A-T content is known to make DNA prone to UVBR damage 
because it increases the possibility of thymine dimerization 
(Setlow 1966). Another non-exclusive explanation for the high 
accumulation of DNA damage in these species is the lack of 
an efficient repair mechanism. Although our experiment was 
not designed to test the efficiency of the different repair mech- 
anisms, the results on the dynamics of DNA damage accumu- 
lation in B. sultans suggest an inefficient mechanism of repair 
in this species. We suggest that the inefficient recovery of this 
species is also a consequence of the damage caused by UVR 
to other important cell targets like membranes that dramatically 
affect the structural stability of the cell. 

Our cultures were grown for several months under a dark: 
light regime including wavelengths in the UVA range. How- 
ever, they were not exposed to high UVB intensities until the 
experiments. Lack of acclimation may have exacerbated the 
negative effects of UVB radiation observed in our study. How- 
ever, mechanisms of acclimation to high UVR are known for 
phototrophic flagellates (e.g. production of intracellular UV-ab- 
sorbing compounds know as mycosporine-like amino acids or 
MAAs, Carreto et al. 1990) but not for heterotrophic protists. 
In fact, analyses made to test for the presence of MAAs in the 
HNF and ciliate species used in our study gave negative results 
(data not shown). 

The organisms tested in our study represent only a small 
sample of the large diversity of protists species found in fresh- 
water and marine ecosystems. Some of these species are de- 
scribed as ubiquitous, like the marine flagellate P. tremulans 
(Fenchel 1986) or the freshwater flagellate Spurnella sp. (Lay- 
bourn-Parry 1994). Others, like the marine flagellate P. imper- 
forata are considered opportunist or ‘weeds’ (Lim et al.1997), 
while B. sultans is typically found in wastewaters (Laybourn- 
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Parry 1984) or associated with aggregates (Mitchell et al. 
1988). Although protist sensitivity to UVR may be related to 
their temporal and spatial distribution, as well as to the UV 
attenuation characteristics of the aquatic systems where they 
live, our results support the idea that UV radiation was probably 
an important selective agent during protistan evolution (Roths- 
child 1999). 

ACKNOWLEDGMENTS 

We thank Karel Simek, David Caron, and Tom Fenchel for 
kindly providing the cultures of protists, Mario Blumthaler for 
the spectroradiometric measurements, and Albin Alfreider, 
Thomas Posch, and Isabelle Laurion for critical comments on 
the manuscript. This work was supported by a grant from the 
Austrian Science Foundation (FWE Project P11856-BIO) to 
R.S. 

LITERATURE CITED 

Barbeau, K., Moffett, J. W., Caron, D. A., Croot, I? L. & Erdner, D. L. 
1996. Role of protozoan grazing in relieving iron limitation of phy- 
toplankton. Nature, 380:61-63. 

Beaver, J. R. & Crisman, T. L. 1989. The role of ciliated protozoa in 
pelagic freshwater ecosystems. Microb. Ecol., 17: 111-136. 

Boelen, l?, Obemosterer, I., Vink, A. A. & Buma, A. G. J. 1999. At- 
tenuation of biologically effective UV radiation in tropical Atlantic 
waters measured with a biochemical DNA dosimeter. Photochem. 
Photobiol., 69:34-40. 

Buma, A. G. J., Engelen, A. H. & Gieskes, W. W. C. 1997. Wavelength- 
dependent induction of thymine dimers and growth rate reduction in 
the marine diatom Cyclotella sp. exposed to ultraviolet radiation. 
Mar. Ecol. Prog. Ser., 153:91-97. 

Caron, D. A. 1991. Evolving role of protozoa in aquatic nutrient cycles. 
In: Reid, P C., Turley, C. M. & Burkill, l? H. (ed.), Protozoa and 
their Role in Marine Processes. NATO AS1 Series, Ecological Sci- 
ences, Vol. 25. Springer Verlag, Berlin. p. 387-415. 

Car-on, D. A. 1997. Protistan community structure. In: Hurst, C. J., 
Knudsen G. R., McInemey, M. J., Stetzenbach, L. D. & Walter, M.V. 
(ed.), Manual of Environmental Microbiology, Section IV, ASM 
Press, Washington, D.C. p. 284-294. 

Carreto, J. I., Carignan, M. O., Daleo, G. & De Marco, S. G. 1990. 
Occurrence of mycosporine-like amino acids in the red-tide dinofla- 
gellate Alexandrium excavatum: UV-photoprotective compounds? .I. 
Plankton Res., 12:909-921. 

Chatila, K., Demers, S., Mostajir, B., Gosselin, M., Chanut, J. P. & 
Monfort, I? 1999. Bacterivory of a natural heterotrophic protozoan 
community exposed to different intensities of ultraviolet-B radiation. 
Aquat. Microbial. Ecol., 20:59-74. 

Cockell, C. S. 1998. UV radiation, evolution and the n-electron system. 
Biol. J. Linn. Sot., 63:449-457. 

Doyle, J. J. & Doyle. J. L. 1987. A rapid DNA isolation procedure for 
small quantities of fresh leaf tissue. Photochemical Bull., 19:11-15. 

Fekete A., Vink, A. A., Gaspar, S., Berces, A., Modos, K., Ronto, G. 
& Roza, L. 1998. Assessment of the effects of various W sources 
on inactivation and photoproduct induction in phage T7 dosimeter. 
Photochem. Photobiol., 68:527-531. 

Fenchel, T. 1986. The ecology of heterotrophic microflagellates. Adv. 
Microb. Ecol., 9:57-97. 

Finlay, B. J., Esteban, G. E, Olmo, J. L. & Tyler, I? A. 1999. Global 
distribution of free-living microbial species. Ecography, 22: 138-144. 

Foissner, W. & Berger, H. 1996. A user-friendly guide to the ciliates 
(Protozoa, Ciliophora) commonly used by hydrobiologists as bioin- 
dicators in rivers, lakes, and waste waters, with notes on their ecol- 
ogy. Freshwater Biol., 35:375-482. 

Gonzalez. J. M.. Sherr. E. B. & Sherr, B. E 1990. Size-selective grazing 
on bacteria by natural assemblages of estuarine flagellates and cili: 
ates. Appl. Environ. Microbial., 56:583-589. 

Gamer, H. 1994. Photochemistry of DNA and related biomolecules: 
quantum yields and consequences of photoionization. J. Photochem. 
Photobiol., 26:117-139. 

Joux, E, Jeffrey, W. H., Lebaron, F! & Mitchell, D. L. 1999. Marine 

bacterial isolates display diverse responses to UV-B radiation. Appl. 
Environ. Microbial., 65:3820-3827. 

Jtirgens, K., Pemthaler, J., Schalla, S. & Amann, R. 1999. Morpholog- 
ical and compositional changes in a planktonic bacterial community 
in response to enhanced protozoan grazing. Appl. Environ. Micro- 
biol., 65:1241-1250. 

Karentz, D., Cleaver, J. E. & Mitchell, D. L. 1991. Cell survival char- 
acteristics and molecular responses of Antarctic phytoplankton to ul- 
traviolet-B radiation. .I. PhycoZ., 27:326-341. 

Layboum-Parry, J. 1984. A Functional Biology of Free-living Protozoa. 
Croom Helm, London, 179 p. 

Layboum-Parry, J. 1994. Seasonal successions of protozooplankton in 
freshwater ecosystems of different latitudes. Mar. Microb. Food 
Webs, 8:145-162. 

Lee, J. W. & Patterson, D. J. 1998. Diversity and geographic distribution 
of free-living heterotrophic flagellates: analysis by PRIMER. Protist., 
149:229-244. 

Lim, E. L., Dennett, M. R. & Caron, D. A.. 1997. New insights on the 
ecology of heterotrophic nanoflagellates based on studies employing 
oligonucleotide probe detection of Paraphysomonas impelforata. In: 
American Society of Limnology and Oceanography, Aquatic Scienc- 
es Meeting, Santa Fe, New Mexico, Abstract, p. 20. 

Lynn, D. H., Roff, J. C. & Hopcroft, R. 1991. The annual cycle of 
abundance and biomass of aloricate ciliates in tropical neritic waters 
off Kingston, Jamaica. Mar. Biol., 110:437-448. 

Malloy, K. D., Holman, M. A., Mitchell, D. & Dietrich, H. W. 1997. 
Solar UV-B induced DNA damage and photoenzymatic DNA repair 
in Antarctic zooplankton. Proc. Natl. Acad. Sci., USA 94:1258-1263. 

Mitchell, D. L. & Karentz, D. 1993. The induction and repair of DNA 
photodamage in the environment. In: Young, A. R., Bjom, L. O., 
Moan, J. & Nultsch, W. (ed.), Environmental UV Photobiology. Ple- 
num, New York, p. 345-377. 

Mitchell, D. L. & Nairn, R. S. 1989. The biology of the (6-4) photo- 
products. Photochem. Photobiol., 49:805-819. 

Mitchell, G. C., Baker, J. H. & Sleigh, M. A. 1988. Feeding of a fresh- 
water flagellate, Bodo saltans, on diverse bacteria. J. Protozool., 35: 
219-222. 

Ochs, C. A. 1997. Effects of W radiation on grazing by two marine 
heterotrophic nanoflagellates on autotrophic picoplankton. J. Plank- 
ton Res., 19:1517-1536. 

Ochs, C. A. & Eddy, L. l? 1998. Effects of UV-A (320 to 399 nano- 
meters) on grazing pressure of a marine heterotrophic nanoflagellate 
on strains of the unicellular cyanobacteria Synechococcus spp. Appl. 
Environ. Microbial., 64:287-293. 

Pace, M. L. 1982. Planktonic ciliates: their distribution, abundance and 
relationship to microbial resources in a monomictic lake. Can. J. 
Fish. Aquat. Sci., 39: 1106-l 116. 

Patterson, D. J. & Larsen, J. 1991. General introduction. In: Patterson, 
D. J. & Larsen, J. (ed.), The Biology of Free-living Heterotrophic 
Flagellates. The Systematics Association, Clarendon Press, Oxford. 
p. 1-5. 

Porter, K. G. & Feig, Y. S. 1980. The use of DAPI for identifying and 
counting aquatic microflora. Limnol. Oceanogr., 25:943-948. 

Porter, K. G., Pace, M. L. & Battey, J. E 1979. Ciliate protozoans as 
links in freshwater food chains. Nature, 277:563-565. 

Rothschild, L. J. 1999. The influence of UV radiation on protistan evo- 
lution. J. Eukaryot. (Euk.) Microbial., 46:548-555. 

Roza, L., Van der Wulp, K. J. M., MacFarlane, S. J., Lohman, I? H. M. 
& Baan, R. A. 1988. Detection of cyclobutane thymine dimers in 
DNA of human cells with monoclonal antibodies raised against a 
thymine dimer-containing tetranucleotide. Photochem. PhotobioZ., 48: 
627-634. 

Sancar, A. 1994. Structure and function of DNA photolyase. Biochem- 
istry, 3312-9. 

Setlow, R. B. 1966. Cyclobutane-type pyrimidine dimers in polynucle- 
otides. Science, 153:379-386. 

Setlow, R. B. 1974. The wavelengths in sunlight effective in producing 
skin cancer: a theoretical analysis. Proc. Natl. Acad. Sci. USA, 71: 
3363-3366. 

Sherr, E. B. & Sherr, B. E 1987. High rates of consumption of bacteria 
by pelagic ciliates. Nature, 325:7 10-7 11. 

Sherr, E. B. & Sherr, B. E 1994. Bacterivory and herbivory: key roles 



SOMMARUGA & BUMA-UV DAMAGE IN AQUATIC PROTISTS 455 

of phagotrophic protists in pelagic food webs. Microb. Ecol., 28:223- 
235. 

Simek, K., Kojecka, l?, Nedoma, J., Hartman, I?, Vrba, J., & Dolan, J. 
R. 1999. Shifts in bacterial community composition associated with 
different microzooplankton size fractions in a eutrophic reservoir. 
Limnol. Oceanogr. 44:1634-1644. 

Sommaruga, R. & Psenner, R. 1995. Permanent presence of grazing- 
resistant bacteria in a hypertrophic lake. Appl. Erzviron. Microbial., 
61:3457-3459. 

Sommaruga, R., Oberleiter, A. & Psenner, R. 1996. Effect of UV ra- 
diation on the bacterivory of a heterotrophic nanoflagellate. Appl. 
Environ. Microbial., 62:4395-4400. 

Sommaruga, R., Sattler, B., Oberleiter, A., Wille, A., Sommaruga-Wii- 
grath, S., Psenner, R., Felip, M., Camarero, L., Pina, S., GironCs, R. 
& Catalan, J. 1999. An in situ enclosure experiment to test the solar 
UVB impact on plankton in a high altitude mountain lake: effects on 
the microbial food web. J. Plankton Res., 21:859-876. 

Vickerman, K. 1991. Organization of the bodonid flagellates. In: Pat- 

terson, D. J. & Larsen, J. (ed.), The Biology of Free-living Hetero- 
trophic Flagellates. Systematics Association, Clarendon Press, Ox- 
ford. Vol. 45:159-176. 

Vincent, W. E & Roy, S. 1993. Solar UV-B and aquatic primary pro- 
duction: damage, protection and recovery. Environ. Rev., 1: 1-12. 

Vink, A. A., Bergen-Henegouwen, J. B. A., Nikaido, O., Baan, R. A. 
& Roza, L. 1994. Removal of UV-induced DNA lesions in mouse 
epidermis soon after irradiation. J. Photochem. Photobiol. B. Biol., 
24:25-31. 

Wickham, S., & Carsten, M. 1998. Effects of ultraviolet-B radiation on 
two arctic microbial food webs..Aquat. Microbial. Ecol., 16:163-171. 

Zanarese. H. E.. Feldman. M. &Williamson, C. E. 1997. UV-B-induced 
damage and photoreactivation in three species of Boeckella (Copep- 
oda, Calanoida). J. Plankton Res., 19:357-367. 

Zar, J. H. 1984. Biostatistical Analysis. Prentice Hall, Englewood Cliffs, 
NJ. 

Received: 2-15-00, 4-20-00; accepted 4-20-00 


